Abstract: The feasibility of a single-domain ferromagnet based on uniaxial magnetic ions was examined. For a noncentrosymmetric uniaxial magnetic ion of magnetic moment  at a site of local electric dipole moment p, it is unknown to date whether  prefers to be parallel or antiparallel to . The nature of this magnetoelectric interaction was probed in terms of analogical reasoning based on the Rashba effect and density functional calculations. We show that  and p prefer an antiparallel arrangement, predict that Fe-doped CaZnOS is a single-domain ferromagnet like a bar magnet, and find the probable cause for the ferromagnetism and weak magnetization hysteresis in Fe-doped hexagonal ZnO and ZnS at very low dopant concentrations.
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A ferromagnetic (FM) material exhibits magnetization hysteresis because it forms numerous FM domains of different moment directions typically to diminish the magnetic dipole-dipole (MDD) interactions. [1] The MDD interactions, being long-range interactions, make it energetically unfavorable for a ferromagnet to have a single FM domain. When a ferromagnet is sufficiently small in size so that its MDD interactions are negligible, it can have a single FM domain and becomes a superparamagnet. [2] It is interesting to think about the feasibility of a single-domain ferromagnet (SDF) even when its size is not small. In most cases, ferromagnetism arises when spin exchange interactions between adjacent magnetic ions are FM. Since spin exchange interactions are short-range interactions, such a ferromagnetism requires the presence of magnetic ions in proximity, which in turn makes MDD interactions substantial. When magnetic ions are well separated, both spin exchange and MDD interactions can be made negligible. In this case, ferromagnetism is possible if it is based on uniaxial magnetism. [3] Uniaxial magnetic ions have a nonzero magnetic moment  only in one direction (by convention, the z-direction) in space. If such ions are arranged with their z-axes aligned in one common direction and enough separation between them, a SDF should be feasible regardless of its size.
For a uniaxial ion of moment  at a site of inversion symmetry (i.e., a centrosymmetric uniaxial magnetic ion), the moment orientation along the ||z direction is identical in energy to that along the -||z direction. So far, there has been no clear understanding as to whether this is also true for a uniaxial magnetic ion at a site of no inversion symmetry (i.e., a noncentrosymmetric uniaxial magnetic ion), which is characterized by a nonzero local electric dipole moment p unless the site has additional symmetry to make the ||z and -||z directions equivalent. In this Communication, we probe this question on the basis of analogical reasoning and DFT calculations to find that the magnetoelectric interaction between  and p can be described by the energy p with positive constant , predict that Fe-doped CaZnOS is a SDF, and explain why Fe-doped hexagonal ZnO and ZnS exhibit ferromagnetism and weak magnetization hysteresis at very low dopant concentrations.
For a magnetic ion at a coordination site of C n (n  3) rotational symmetry, its d-states are split to have doubly-degenerate sets, {xz, yz} and {xy, x 2 -y 2 }, with the z-axis taken along the rotational axis. [3d, 3e] A uniaxial magnetic ion has the electron configuration that includes an unevenly-filled degenerate level, e.g., (xz, yz) 1 , (xz, yz) 3 , (xy, x 2 -y 2 ) 1 or (xy, x 2 -y 2 ) 3 , which gives rise to unquenched orbital momentum L. Several coordinate environments of known uniaxial magnetic ions are presented in Fig. 1 . For convenience, the 3z 2 -r 2 orbital will be referred to as the 1a level, and the lower and higher energy sets of {xz, yz} and {xy, x 2 -y 2 } as the 1e and 2e levels, respectively. The uniaxial electron configuration (1e) 3 (2e) 2 (1a) 1 (Fig. 2a) has been used to describe the Fe 2+ (S = 2, d 6 ) ions in the FeC 2 dumbbells (Fig. 1a) of Fe{C(SiMe 3 ) 3 } 2 [3a, 4] and the FeN 4 trigonal pyramids (Fig. 1b) [5] where tpa = tris(pyrrolyl--methyl) amine. It can also be used for the Fe 2+ (S = 2, d 6 ) ions of the FeOS 3 tetrahedra (Fig. 1c) in the layered phase CaOFeS (see below). [6] The uniaxial configuration (1a) 2 (1e) 3 (2e) 2 (Fig. 2b) has been employed to discuss the Co 2+ (S = 3/2, d 7 ) ions in the CoO 6 trigonal prisms (Fig. 1d) of Ca 3 CoMnO 6 [3b, 3d, 7] and the Fe + (S = 3/2, d 7 ) ions in the FeC 2 dumbbells (Fig. 1a) 
. [8] Uniaxial magnetic ions are found at octahedral sites as well (Fig. 1e) . Provided that the z-axis is taken along one C 3 rotational axis of an octahedron, the t 2g state is described by 1a and 1e', and the e g state by 2e' level. [3d, 3e] The high-spin Fe 2+ (S = 2, d 6 ) ion at an octahedral site of BaFe 2 (PO 4 ) 2 [9] has the uniaxial configuration (1a) 2 (1e') 3 (2e') 2 (Fig. 2c) , and the low-spin Ir 4+ (S = 1/2, d 5 ) at an octahedral site of Sr 3 NiIrO 6 the uniaxial configuration (1a) 2 (1e') 3 (Fig. 2d) . [3f, 10] Figure 2 . Electronic configurations leading to uniaxial magnetism. In c) and d) for an octahedron, the z-axis is taken along one of its C3 rotational axis. Then, the xz and xy orbitals mix, and so do the x 2 -y 2 and yz orbitals. These orbitals mixings give rise to the two sets of degenerate levels 1e' and 2e'. [3d, 3e] Consider a noncentrosymmetric uniaxial magnetic ion of magnetic moment  located at a site of local electric dipole moment p along the rotational axis. Our question is whether the moment orientations parallel and antiparallel orientations to p (hereafter, ||p and -||p, respectively) are identical in energy. So far, none is known about the nature of the magnetoelectric interaction between  and p, although the free-energy expansion [11] with respect to the electric field E and the magnetic field H leads to the magnetoelectric term  ij E i H j , where E i and H j are the Cartesian components of E and H, respectively, with  ij as the associated constant. To gain insight into the magnetoelectric interaction, we resort to an analogical reasoning based on the Rashba effect. [12] This effect deals with a nonmagnetic metal or a nonmagnetic semiconductor, for which the upspin and down-spin subbands of any given band are degenerate. If such a system lacks inversion symmetry and consists of heavy elements with strong spin-orbit coupling (SOC), the subbands of a given band become nondegenerate due to a combined effect of SOC and inversion-symmetry loss. [12] For a magnetic ion of spin momentum S, orbital momentum L and SOC constant , the associated SOC is described by the term SL, and the energy split between the up-spin and down-spin subbands increases with increasing the strength of SOC.
The Rashba effect deals with a situation when the split subbands are either both filled or both empty. Here we consider a half-filled band for which only the lower-energy one of the split subbands is filled. In general, the energetic behavior of a discrete molecule is well described by that of a hypothetical solid containing the molecule in each unit cell with large repeat distances. Imagine such a solid of a molecular species containing a noncentrosymmetric uniaxial magnetic ion in which the electric dipole moment p of each molecule is pointed in one common direction, so the solid is noncentrosymmetric. For simplicity, each magnetic ion may be assumed to have one orbital and one electron. In the absence of the Rashba effect, this solid has one flat band with energy at the orbital level of the magnetic ion for all wave vectors k, and the up-spin and downspin subbands are degenerate. Given no inversion symmetry and unquenched orbital momentum L at each ion site, the Rashba effect takes place and hence splits the up-spin and down-spin subbands. With one electron per site, only the lower-energy subband becomes occupied so that each magnetic ion has one identical spin state filled, with the other spin state empty. In other words, for an isolated noncentrosymmetric uniaxial magnetic ion, one moment orientation should be lower in energy than its opposite orientation, i.e., the moment orientations along the ||p and||p directions should be different in energy.
The layered phase CaOFeS consists of hexagonal FeOS layers made up of sulfur-cornersharing FeOS 3 tetrahedra (Fig. 3a) , in which all Fe-O bonds are oriented in one direction
perpendicular to the layer. These layers are stacked along the c-direction (Fig. 3b) such that there occur two FeOS layers per unit cell. [6] The Fe 2+ ions of the FeOS layers form hexagonal lattices (Fig. 3c) . As already mentioned, the Fe 2+ ion of each FeOS 3 tetrahedron is uniaxial. The magnetic structure of CaOFeS determined from powder neutron diffraction measurements shows that each hexagonal lattice of CaOFeS has the antiferromagnetic (AFM) arrangement depicted in Fig. 3d with spin at each site aligned along the Fe-O bond, and adjacent hexagonal lattices are antiferromagnetically coupled. Thus, in the ordered magnetic structure of CaOFeS, half the spins (Fig. 3c) evaluated by performing energy mapping analysis [3c] based on DFT+U calculations (see Experimental Section) show that J 1 -J 3 values are all AFM, and J 1 dominates over J 2 and J 3 (Table S1 ). Thus each hexagonal spin lattice is spin-frustrated and is expected to have a compromised 120 noncollinear spin arrangement to reduce the extent of spin frustration. [13] However, this noncollinear arrangement requires the Fe 2+ ions to adopt a spin orientation away from their local z-axes. The latter is prevented because each Fe 2+ ion has uniaxial magnetism.
To determine which direction, ||(FeO) or -||(FeO), is energetically more favorable for the Fe 2+ spin of each FeOS 3 tetrahedron, we need to construct a well-separated arrangement of FeOS 3 tetrahedra so that there is no spin exchange interaction between Fe 2+ ions. CaZnOS [14] is isostructural with CaOFeS, and consists of nonmagnetic Zn 2+ ions in the ZnOS 3 tetrahedra. In recent years, CaZnOS has been actively studied for the long-lasting luminescence properties of its doped phases, and CaZnOS:Mn and CaZnOS:Cu are known. [15] Thus, it should be possible to prepare CaZnOS:Fe samples, in which FeOS 3 tetrahedra are well separated from each other. To simulate such samples, we construct a (2a, 2b, c) supercell of CaZnOS, which has eight Zn 2+ sites per supercell, and replace only one Zn 2+ ion with a Fe 2+ ion per supercell. The resulting CaZnOS:Fe structure will be referred to as the (221)-Fe model. For this model, we consider the
state with the Fe 2+ spins along the ||(FeO) direction and that along the -||(FeO) direction. We determine the relative energies of these two spin orientations for the (221)-Fe model by performing DFT+U+SOC calculations (see Experimental Section). The results of these calculations (Table S2 ) reveal that the moment orientation along ||(FeO) is more stable than that along -||(FeO) direction by ~2 meV/Fe. Then, for a uniaxial magnetic ion of moment  at a site of no inversion symmetry with local electric dipole moment p, the energy E of the magnetoelectric interaction between  and p can be written as
with material-dependent constant . [5] in which the FeN 4 trigonal pyramid (Fig. 1b) direction, which is antiparallel to the preferred moment direction so that  > 0, as speculated for the FeOS 3 tetrahedron.
CaZnOS:Fe would be a SDF in which all the Fe 2+ spins are aligned along the ||(FeO) direction. Consequently, it would be a bar magnet, for which one spin alignment is a minimumenergy state, while the opposite spin alignment is not. The smallest bar magnet would be a singleion magnet containing an noncentrosymmetric uniaxial magnetic ion as found for [K(solvent) n ][(tpa Mes )Fe]. In Fe-doped hexagonal ZnO and ZnS, consisting of corner-sharing ZnL 4 (L = O, S) tetrahedra, the doped Fe 2+ ions are uniaxial. The FeL 4 tetrahedra should be nearly regular in shape, so the moment orientations pointing to the four C 3 axes (i.e., the Zn-L bonds) would be similar in energy. Thus, under a magnetic field, all Fe 2+ moments of ZnL:Fe can easily line up with the field. Nevertheless, if the FeL 4 tetrahedra have a weak distortion from the local T d to a local C 3 symmetry, then the moment orientation toward a particular C 3 axis would be slightly preferred. To reduce the lattice strain, a given ZnL:Fe sample would form numerous domains of different C 3 -axis (hence moment) orientations. These are the most probable reasons for why ZnL:Fe samples exhibit ferromagnetism and weak magnetization hysteresis when the doping level is so low that the MDD and spin exchange interactions among the dopants are negligible. [20, 21] In summary, for a noncentrosymmetric uniaxial magnetic ion, the magnetoelectric interaction can be described by the energy p with coefficient  > 0 so that  and p prefer to be antiparallel to each other. Fe-doped CaZnOS is predicted to be a SDF like a bar magnet. The ferromagnetism and weak magnetization hysteresis observed for Fe-doped ZnO and ZnS originate from the uniaxial magnetic ions Fe 2+ .
Experimental Section
Our spin-polarized DFT calculations employed the frozen-core projector augmented wave method [16] encoded in the Vienna ab initio simulation package, [17] and the generalized-gradient approximation of Perdew, Burke and Ernzerhof [18] for the exchange-correlation functional. The electron correlation in Fe 3d states was taken into consideration in terms of the DFT+U method [19] by adding the effective on-site repulsion Ueff of 4 and 5 eV on the Fe sites. The spin exchange interactions of CaOFeS were evaluated by using the energy-mapping analysis [3c] based DFT+U calculations. Spin-polarized DFT+U+SOC calculations were employed to determine the preferred moment directions of the (221) 
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5) The values of J 1 -J 3 determined from DFT+U calculations for the ordered spin states FM, AF1, AF2, and AF3 of CaOFeS using U eff = 4 and 5 eV on the Fe atoms. The relative energies E (meV/Fe) of these two states were calculated by performing DFT+U+SOC calculations for the (221)-Fe model (see the text) with U eff = 4 and 5 eV with a set of (553) k-points, the SCF convergence criterion of 10 -7 eV, and the planewave cutoff energy of 450 eV. 4 ] + per unit cell with large cell parameters, a = 30 Å, b = 25 Å, c = 27 Å.
The relative energies E (meV/Fe) of the two states in which the Fe 2+ ion moments are oriented along the ||(FeN a ) and -||(FeN a ) directions were calculated by performing DFT+U+SOC calculations with U eff = 4 and 5 eV, a set of (242) k-points, the SCF convergence criterion of 10 -7 eV, and the planewave cutoff energy of 450 eV. 
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